SUMMARY MIMO technology, which uses multiple antennas, has been introduced to the mobile terminal to increase communication capacity per unit frequency. However, MIMO suffers from the problem of mutual coupling. If MIMO antennas are closely packed, as in a small wireless terminal, a strong mutual coupling occurs. The mutual coupling degrades radiation efficiency and channel capacity. As modern terminals are likely to use three MIMO antennas, reducing the mutual coupling 3 × 3 MIMO is essential. Some decoupling methods for three elements have been proposed. Unfortunately, these methods demand that the elements be cross-wired, which complicates fabrication and raises the cost. In this paper, we propose a non-connected decoupling method that uses short stubs and an insertion inductor and confirms that the proposed model offers excellent decoupling and increased radiation efficiency.
Introduction
To get high channel capacity, MIMO (Multiple-Input Multiple-Output) technology [1] has been added to many mobile terminals. From the viewpoint of design ability or convenience, miniaturization of wireless terminals is required. Hence, miniaturization of MIMO antennas is also required. If multiple antennas can be closely spaced, antenna volume can be reduced, leading to further miniaturization of wireless terminals. However, strong mutual coupling, which causes decrease of radiation efficiency or channel capacity, occurs if multiple antennas are placed in close proximity to each other [2] .
In addition, demands for greater channel capacity will increase the number of antenna elements. Hence, the number of MIMO antennas increases more than two. Reducing the mutual coupling corresponding to greater than or equal to three elements is needed.
Some decoupling methods for three elements have been proposed. One method places phase shifters behind each element, and all elements are connected by the lumped circuit element (inductance L or capacitance C) like Fig. 1 [3] . This method involves linking end elements, thus, it can't be used to realize plane structures, then the configuration becomes † † The author is with Panasonic Corporation, Yokohama-shi, 224-0054 Japan.
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a) E-mail: Miyasaka.Takuya@dc.MitsubishiElectric.co.jp DOI: 10.1587/transcom.2019EBP3010 three-dimensional, complex and high cost. In Ref. [4] , removing the connection of end elements is proposed, although decoupling between end element is not performed (Fig. 2) . Hence, deterioration of the radiation efficiency by the end element coupling is concerned.
By contrast, in Fig. 3 , Ref. [5] proposes the decoupling both end and adjacent at the state where the connection of end elements is eliminated. This technique uses five parts: three phase shifters and two lumped circuit elements, hence, power loss and cost are concerned due to the reason for many parts.
According to [6] , two of three phase shifters at end elements can be deleted. And this reference proposes that the remaining one phase shifter is replaced to inductance L and links elements via L (shown in Fig. 4) . All of the above-mentioned methods require the elements to be connected via L or C. The connection of elements via parts has problems that wiring routing is troublesome, and power loss is occurred by parts. Thus, eliminating links and reducing parts are required.
In this paper, we propose the non-connected decoupling method by using short stubs and an inductance L. Suggesting this method, complementary non-connected decoupling, and reducing elements are realized.
As the basic study, we choice 1.5 GHz as the desired frequency and the number of streams is 3 × 3 MIMO. About radiation efficiency, the proposed model is better efficiency than without decoupling. Bandwidth is not considered, the short stub has a role of a resonator, hence, the bandwidth of the decoupling method by using the short stub is narrow. In Ref. [7] , widening bandwidth is considered. We applied this study [7] to our proposed method. Section 2 explains the decoupling condition and previous decoupling methods of connecting elements, and then, we explain the technique of decoupling between ends antenna in Ref. [5] . In Sect. 3, we mention the problem of proposed methods and proposed model with short stubs to remove element connection, and the design procedure of short stubs is described. Section 4 shows S-parameter, current distribution and radiation efficiency; then, we confirm the effect of the decoupling by the proposed model. We conclude this study in Sect. 5.
Decoupling Condition and Previous Decoupling Studies
We discuss the decoupling method for three element monopole antennas assuming 3 × 3 MIMO in this paper. 
Decoupling Condition Two Element Monopole Antennas and Developing to Three Elements
In two element monopoles antennas array, the element coupling factor S 21 can be written as follows [9] :
Formula (1) indicates that admittance between 2 element monopoles Y 21 set to 0 to decouple these. If Y 21 = 0 can be obtained, coupling S 21 = 0, in other words, decoupling is achieved.
This theory is developed into three elements. In three element monopole array, mutual couplings are generated three types: between port 1 and 2 (S 21 ), port 2 and 3 (S 32 ) and port 1 and 3 (S 31 ). From Fig. 5 , the model is symmetrical to the z-axis, and S 21 is equal to S 32 . Hence, we should consider that Y 21 = 0 and Y 31 = 0 to reduce couplings of three element monopole arrays.
Previous Decoupling Methods with Elements Connection
Here, we introduce some decoupling methods for three element monopole arrays, and mention problems of these methods.
As to decoupling for two monopoles, Y 21 is a complex number, both real part of Y 21 and imaginary part Y 21 are needed to get 0. Re(Y 21 ) is made 0 by phase shifters which are attached behind back of each element. On the other hand, because of connecting elements via a lumped circuit element, Im(Y 21 )=0 is obtained.
In Ref. [3] , this thesis is applied to three elements, phase shifters are attached behind each element, and these are connected by L or C. Nevertheless, this method involves linking end elements, thus, it can't be realized to plane structure, and then configuration becomes three-dimensional, complex and high cost.
Then, Ref. [4] eliminates the connection between end elements. This method has an issue of the mutual coupling between end elements due to without link.
In response to the above problem, decoupling both adjacent and end is realized without connection ends in Ref. [5] . However, this method uses three phase shifters and two lumped elements, thus, required the number of parts is numerous. There is some possibility of high cost or large power loss by parts.
In Ref. [6] , phase shifters of end elements are removed, and central is replaced to inductance; as a result, decoupling method by using three inductances is proposed. Phase shifters of end elements are utilized for admittance of the real part; thus, decoupling condition is not gratified initially. However, this method uses the area where Re(Y 31 ) is almost 0 S. Hence, decoupling between adjacent elements is performed by connection via L, and between elements at both ends are realized by inductance L (replacing phase shifter) behind back central. where x is the phase amount of the phase shifter at the center element y and z are phase amounts of the phase shifters at end elements (in Fig. 3 ).
To perform decoupling between end elements (to obtain Y 31 = 0), two conditions as follows are needed to satisfy at the same time [5] .
Equation (3) is amplitude condition which can be adjusted by element distance or length. However, if using the phase shifter x of central element, this condition is not had to consider [6] , only phase condition represented Eq. (4) is needed to satisfy. Therefore, inductor attached to the central element reduces mutual coupling between ends (Y 31 = 0 can be obtained). Then, inductor L 2 is installed to a central element of three element monopole array in Fig. 5 , and Fig. 6 shows Y 31 while L 2 is changed from 4.0 nH to 6.0 nH by 0.5 nH.
From Fig. 6 , if the value of L 2 is 5.0 nH (shown in green thick line), Re(Y 31 ) is almost 0 S, and Im(Y 31 ) can get 0, then, the downtrend of Abs(Y 31 ) is at 1.5 GHz. Thus, the decoupling condition of end elements is satisfied. The larger L 2 is, the lower the frequency of Abs(Y 31 )'s downtrend moves. This operate is the same at [6] .
Proposing Short Stubs to Remove Antenna Connections

Method of Reducing Mutual Coupling between Adjacent Elements (Y 21 = 0) and the Problem of Previous Studies
In the previous study mentioned above, to reduce mutual coupling Y 21 (between adjacent elements), a susceptance circuit which has the same value as Y 21 in desired frequency. However, these methods have the necessity of connection elements while parts like a lumped element are used. This causes troublesome of wiring especially elements are placed distant and power loss of parts. Therefore, removing the connection and reducing parts are required.
Replacement of the Inductance L to the Short Stub
According to transmission line theory, to realize inductance, the length of an open stub must lie in the range of λ/4 to λ/2. λ indicates effective wavelength considering wavelength shortening in the dielectric. In this paper, we use the monopole antennas whose length of the monopole is around λ/4 for a basic antenna model. Thus, in the open stub of L characteristic, stub length is longer than a monopole, then, element volume becomes large. By contrast, if the short stub is used, the length is less than λ/4. As a result, the short stub is more effective than open stub [10] .
In Ref. [11] , the decoupling method for two elements by using a short stub is proposed. We apply this decoupling method to three elements array. The method of Ref. [6] uses L connections. We replace these connections to short stubs. Figure 7 shows the proposed decoupling model structure.
In the proposed method, there are two decoupling conditions.
First, for decoupling between end elements, it's Y 21 = 0 (or Y 32 = 0). In this study, the condition is that the value of Re (Y 21 ) or Re(Y 32 ) is close to 0 S, as in [12] . Therefore, phase shifters of end elements are unnecessary because Re(Y 21 ) or Re(Y 32 ) is not adjusted to 0 S by phase shifters of ends.
Second, for decoupling between end elements, it's Y 31 = 0. From Eq. (4), by using only the central phase shifter x, phase condition which is obtained Y 31 = 0 is satisfied [6] . Hence, in the configuration of our study which doesn't use phase shifters of ends, Eq. (4) is applicable.
The novelty of our study is that decoupling between Figure 8 shows the proposed decoupling model by using short stubs and inductance. The substrate is one side copper plate FR-4 substrate same at the basic model (shown in Fig. 5 ). Three elements whose length is 32.7 mm, width is 1.4 mm are arranged with spacing of 7.2 mm, and short stubs are added inside of the monopole. L 2 is 5.0 nH which is get in Sect. 2.3, and l s is the short stub length to the z-axis. We mentioned above that inductance behind back central element is inserted to reduce S 31 , short stubs are attached to decrease S 21 (and S 32 ).
Proposed Model (Analysis Model) and Design of Short Stubs
We decide short stubs length l s to obtain Y 21 = 0. We observe Y 21 in case of altering l s from 2.0 to 8.0 mm by 2.0 mm (Fig. 9) . From this graph, Re(Y 21 ) is almost 0 S, and Im(Y 21 ) get 0 S. Therefore, the downtrend of Abs(Y 21 ) is at 1.5 GHz. The longer l s is, the lower the frequency of Y 21 's downtrend moves. This operation is the same as Ref. [11] . Hence, inductance L 2 and short stubs are operated correctly. Abs(Y 31 ) is shown in Fig. 10 . Although Y 31 = 0 is obtained in Fig. 6 , Y 31 = 0 can't be obtained strictly at the desired frequency because of attaching short stubs which let Y 21 set to 0 S, as a result, both Y 31 = 0 and Y 21 = 0 can't be obtained at 1.5 GHz at the same time. This reason is why short stubs and inductance L 2 affect each other, then some coordination between short stubs and inductance is required.
However, it is considered that there is no problem for decoupling since Abs(Y 31 ) at 1.5 GHz is a small value of 1 mS or less. Then we choose Y 21 = 0, not Y 31 = 0, because the distance between port1 and 2 is nearer than port 1 and 3, hence, the mutual coupling of 1-2 is also stronger.
Characteristics
S-Parameters
S-parameters of each model is shown in Fig. 11 . Both models use the matching circuit and obtain matching condition that S 11 and S 22 are −10 dB at the desired frequency.
In the model without decoupling Fig. 11(a) , S 21 is −4.5 dB, S 31 is −7.1 dB, which are strong mutual couplings. By contrast, in the proposed model Fig. 11(b) , S 21 is −17.9 dB and S 31 is −14.6 dB at 1.5 GHz, hence, the mutual coupling are reduced by 13.4 dB, 7.5 dB, respectively.
In Sect. 3.3, Y 31 = 0 can't be obtained strictly, however, S 31 is properly reduced.
Short stub has a characteristic of a resonator, hence, the bandwidth of the proposed model is narrower than without decoupling. Hence, there is no merit of proposed method regarding bandwidth. As the countermeasure of narrow band, in Ref. [7] , element width is widened to broaden bandwidth, thus, we applied this method to our proposed model.
Current Distribution
In Fig. 12 shows the current distribution of instantaneous value in case of an exciting 1 W sine wave from Port1. Port2 and Port3 are terminated by 50 Ω. Figure 12 (a) shows model without decoupling, Fig. 12(b) shows the proposed model. Figure 13 shows current distribution at exciting Port2, terminated Port1 and 3. (a) and (b) show the same models in Fig. 12 .
In the model without decoupling (Fig. 12(a) and Fig. 13(a) ), current is concentrated at Port2 and three terminated by 50 Ω. Therefore, strong mutual coupling is confirmed according to the current distribution. On the other hand, in the proposed model (Fig. 12(b) and Fig. 13(b) ), current flow to Port2 and 3 decreases and reduction of mutual coupling is confirmed by decoupling. Figure 14 shows the xy-plane radiation pattern of each model. From Fig. 14, a gain of the proposed model's E θ which is the main polarization is around 3.2 dBi higher than the model without decoupling in the -y-direction (ϕ = 270 deg.) while port1 is excited. At exciting port2, E θ is around 2.5 dBi higher than the model without decoupling in the y-direction (ϕ = 90 deg.) and -y-direction (ϕ = 270 deg.). As a result, the increase of gain is confirmed at each port.
Radiation Pattern and Efficiency
Then we calculated radiation efficiency. In the model without decoupling, the efficiency of port1 or 3 is −5.2 dB Port2 is −8.5 dB. On the other hand, at the proposed model, the efficiency of Port1 or 3 is −2.7 dB, Port2 is −5.4 dB. As a result, radiation efficiency is improved by 2.5 dB, 3.1 dB, respectively.
We consider the dielectric loss as the reason why the improvement in radiation efficiency is low as opposed to the decrease in the coupling. As a result of power loss analysis, in proposed model dielectric loss is 0.40 W while port1 excites, 0.67 W at port2 excitation. Large dielectric loss is confirmed. In Figs. 12(b) and 13(b), strong current distributes at shot stubs. This strong current causes large dielectric loss, hence, the amount of improvement radiation efficiency is low. However, the radiation efficiency is improved at all ports. 
Conclusion
In this paper, we propose a MIMO element decoupling method with no connection between elements, using short stubs suitable for three or more elements. As a result of adding the short stub to monopoles and inductance to the central element, mutual coupling of adjacent element S 21 is lower 13.4 dB, end elements S 31 is lower 7.5 dB. Moreover, the radiation efficiency has been improved by 2.5 dB at the center element and 3.1 dB at the end element. Hence, it is confirmed that the decoupling without connecting elements is realized by using short stubs.
Based on this decoupling theory, to apply to N-factor array decoupling is future study.
